Abstract: Recombinant Aspergillus niger genetically engineered to produce glucose oxidase using the constitutive gpdA promoter and the glucoamylase signal sequence for secretion was grown in batch cultures at agitation speeds of 200 -800 rpm covering the industrial relevant power input range of 0.1 -5 W kg -1 . The growth morphology ranged from large pellets with an average diameter of 1500 µm at low power input up to micropellets embedded in a filamentous network at high power input. A correlation of agitation intensity with growth morphology and glucose oxidase production revealed an increase of the protein production capability with the change of the growth morphology from pelleted to filamentous growth forms. However, the exposure to higher shear stress with increasing power input also resulted in lower biomass yields as well as increased transient formation of polyol (xylitol) and higher final concentrations of oxalic acid. The highest specific production rates were found in young filamentous growth forms at high power input. Although intermediate agitation intensity
Introduction
The success of filamentous fungi for industrial production of biotechnological products is largely due to the metabolic versatility of this group of microorganisms. Filamentous fungi such as Aspergillus niger are well-known for their excellent protein excretion capabilities; yields of 20 grams per liter extracellular glucoamylase, a homologous starch-degrading enzyme used in the food industry, have been reported [1] . Efforts have been also undertaken to develop Aspergillus niger for the production of heterologous proteins including biopharmaceuticals. In general, A. niger is an excellent host for the production of fungal proteins but high concentrations of heterologous (non-fungal) products are notoriously difficult to obtain [2, 3] . Though commercially interesting levels of recombinant bovine chymosin, an enzyme used for cheese manufacture, have already been reported in the early nineties [4, 5] , other proteins, for example, biopharmaceuticals such as interleukin-6 [3] , tissue plasminogen activator [6] , single-chain antibodies [7] , and hepatitis B pseudoviral particles [8] are still just found in milligram per liter quantities in the culture medium. Unsatisfactory low yields are often caused by proteolytic degradation of the target protein [6, 9] , with improvements being obtained by modifying culture conditions [6, 10, 11] and developing strains with less proteases [12, 13] . Moreover, the complex and not well understood impact of environmental conditions on fungal morphology and resulting effects on protein production and excretion imposes an additional handicap for a more widespread distribution of Aspergillus as a recombinant protein producer. However, bioprocessing strategies can greatly contribute to further improvements of recombinant fungal cultivation processes [14] .
Filamentous fungi such as A. niger exhibit different growth morphologies in submerged culture varying from compact pelleted to filamentous growth forms which strongly affect the overall cell performance [15] . An important advantage of the pelleted morphology is the decrease in viscosity of the culture fluid, resulting in improved mixing and mass transfer properties. In addition, the pelleted growth form facilitates downstream processing by simplifying solid-liquid separation procedures. The major disadvantages of pelleted growth forms are mass transfer limitations leading to significant concentration gradients of oxygen and other nutrients from the culture fluid to the inner pellet core [16] [17] [18] [19] [20] . These limitations can finally result in autolytic processes within the inner part of big fungal pellets [17] [18] [19] 21] .
The morphology of Aspergillus, filamentous growth forms and/or the shape and size of pelleted growth forms as well as the branching frequency, is influenced by many factors including specific strain properties [22] but also environmental factors such as spore numbers in the inoculum or type of inoculum [23] [24] [25] , medium composition [23, [26] [27] [28] , dissolved oxygen concentration [29] [30] [31] , pH [23, 32] , temperature [23, 27] , reactor type and scale [27, 33] , and power input [23, 25, 26, 28, 29, [33] [34] [35] [36] .
In particular, power input or agitation intensity has been identified as an important variable influencing the fungal morphology and productivity in recombinant Aspergillus protein production processes [25, 28, [37] [38] [39] . In general, increasing power input changes the growth morphology from pelleted to filamentous growth forms. With respect to protein production, there are conflicting results on the effect of agitation intensity. For example, power input greatly influenced morphology and extracellular hen egg white lysozyme production by recombinant Aspergillus niger with highest productivities obtained at intermediate agitation speed in batch culture [37] . On the other hand, production of an extracellular cutinase by recombinant Aspergillus awamori was found to be independent on the agitation intensity in fed-batch cultures [25] . Also, production of extracellular amyloglucosidase by recombinant Aspergillus oryzae was reported to be independent on power input variations in chemostat cultures at constant dilution rate [38] . During batch cultivation, however, production of extracellular amyloglucosidase increased with increasing agitation speed while agitation speed variations had no significant effect on protein production in fed-batch cultures [39] .
In this work, we employed a recombinant strain of Aspergillus niger genetically engineered to produce glucose oxidase using the constitutive gpdA promoter and the glucoamylase signal sequence for secretion [40] . This strain produces glucose oxidase during growth on glucose but also during growth on other carbon sources such as fructose or xylose [41] . Moreover, glucose oxidase is excreted to the culture medium although delayed to synthesis and incompletely due to retention in the cell wall and the inner pellet core [21, 42] . Glucose oxidase synthesis and excretion are strongly influenced by culture conditions and morphology [21] .
In this study, we analyzed in detail the impact of agitation intensity on growth morphology and on glucose oxidase synthesis and excretion. In addition, acridine orange staining and fluorescence microscopy was used to differentiate between productive (rich in RNA) and nonproductive (poor in RNA) parts of the fungal biomass. Finally, a correlation between RNA rich biomass and productivity is shown.
Materials and methods

Strain
The construction of recombinant A. niger NRRL-3 (GOD 3-18), carrying multiple copies of the god gene fused to the α-amylase signal sequence and controlled by the constitutive gpdApromoter has been described before [40] .
Culture conditions
Inoculation was carried out by 1×10 7 spores mL -1 obtained from a densely conidiating culture grown on CM agar medium for 48-72 h. CM-agar plates for sporulation were prepared as described previously [40] . [41] . The pH of the medium was adjusted to pH 5.5 before autoclaving.
Xylose was sterilized separately and added to the culture prior to inoculation. The digital control unit of the Biostat MD bioreactor, mass flow meter, balance of NaOH solution, pumps and exhaust-gas analysis system were interfaced to a VME-bus microcomputer using UBICON (Universal Bio-Process Control System) software for data acquisition and processing. The concentrations of oxygen and carbon dioxide in the exhaust gas were determined by paramagnetic and infrared gas analysis systems, respectively (Maihak, Germany). Dissolved oxygen concentrations were analyzed by a polarographic electrode (Ingold, Mittler-Toledo, Switzerland).
Analytical methods
Sample preparation and analysis of cell dry mass (CDM), and endo-and exocellular GOD activities were carried out as described previously [40, 42] . The quantitative determination of xylose, organic acids and xylitol were carried out by HPLC using an Aminex HXP-87H column (BioRad) for separation (T=25°C) and ultravilotet (UV) and refractive index detectors 
Carbon balance
A simplified carbon balance was determined as described by Nowakowska-Waszczuk and Sokolowski [45] .
where S is the mass of utilized sugar (xylose) and X, Xyl, Ox, and dCO 2 the masses of biomass, xylitol, oxalate and carbon dioxide produced, respectively. Their carbon content is denoted as σ S , σ X , σ Xyl , σ Ox , and σ CO 2 , respectively.
The elemental composition of the biomass was determined as CH 1.74 O 0.711 N 0.117 (performed in Analytische Laboratorien Co. Gummersbach, Germany) and the carbon content of the biomass was considered to be constant throughout the cultivation. The carbon present in yeast extract and extracellular glucose oxidase was neglected in this mass balance.
Cell morphology studies, acridine orange staining, and productive biomass determination
A sample taken from the bioreactor was directly mixed with 96% ethanol to stop nucleic acid turnover. Fixation was carried out on microscopic slides for 60 min at 80°C. The fixed samples were stained using acridine orange (400 µmol L -1 acridine orange in 0.1 mol L -1 Naphosphate buffer, pH 7.0) according to the method described in Freudenberg et al. [46] . After 2 min, the dye solution was removed by washing with distilled water and the samples were allowed to dry again at room temperature. The green and red fluorescence was visualized using a fluorescence microscope (Leica DM LB, Germany) with a I-3 filter. A video camera (CCD-colored video camera CF 15/4 MCC, Kappa, Germany) was connected to the microscope via the image control unit MCU/C. Image analyzer software (Leica Q500 MC, Leica, Germany) was used for the morphological characterization. The diameter of each pellet or bioparticle as well as the productive (total minus inner green stained part) and unproductive fraction (green stained part) of the pellet were measured manually at six different positions to account for shape irregularities (by touching two opposite points using a mouse). The average from these measurements were taken as average diameter of each pellet or bioparticle as well as the productive and unproductive fraction of the pellet. The inner green strained part of the pellet which is rich in DNA (and poor in RNA) was considered as unproductive fraction with respect to protein synthesis. The outer layer of the pellet, which emitted red fluorescence was considered as the productive fraction of the pellet (rich in RNA). In all cases, the data shown are an average of randomly selected 100-120 particles.
Results and discussion
Agitation Effects on growth and glucose oxidase production
Recombinant A. niger NRRL-3 (GOD 3-18) was grown in batch culture at different agitation speeds (200, 500, and 800 rpm). Except for agitation speed variations, all other process variables were kept constant to allow for the determination of the power input influence on the overall process performance. Moreover, the agitation speed was not changed throughout the cultivations, except for the first 5 h after inoculation where is was kept at 200 rpm in all cultivations to prevent spore flocculation and adhesion to the wall of the culture vessel.
Cultivation at low power input (200 rpm)
After 60 hours of cultivation the biomass reached around 30 g L -1 and did not increase any further (Fig. 1A) . Xylose, nitrate, and phosphate did not decline to growth limiting concentrations, however, the dissolved oxygen concentration in the bulk phase reached limiting concentrations 50 h after inoculation and remained low for the reminder of the cultivation (Fig. 1A) . Total glucose oxidase activities reached around 300 µkat L -1 (Fig. 1B) .
Glucose oxidase was first formed as a cell-bound enzyme and slowly released into the culture medium, after 100 h of cultivation half of the glucose oxidase formed was found as extracellular enzyme. Xylitol formation preceded oxalate formation, but was formed transiently (35 -50 h of cultivation) and only minor amounts were detectable (maximum of 2.1 g L -1 ). Oxalate reached 6.3 g L -1 which represents 5.2% of xylose carbon supplied (Fig.   1C ).
Cultivation at medium power input (500 rpm)
During the cultivation at medium power input less biomass was formed than at low speed agitation ( Fig. 2A) . The biomass formed did not surpass 25 g L -1 . Nitrate, phosphate, and the dissolved oxygen concentration in the bulk phase did not reach growth limiting concentrations, but xylose was completely consumed after 85 h of cultivation. Total glucose oxidase activities reached more than 800 µkat L -1 which is almost 3 times more than at low speed agitation (Fig. 2B) . Again, glucose oxidase was first formed as a cell-bound enzyme and subsequently released to the culture medium. Compared to low speed agitation, is was released more rapidly and also to a greater portion (> 80% extracellular glucose oxidase).
Cultivation at medium power input resulted in more xylose carbon being transformed to oxalate and carbon dioxide. Oxalate reached 26 g L -1 which represents 22% of xylose carbon supplied (Fig. 2C) . Moreover, 50% of the xylose carbon was transformed into carbon dioxide (Fig. 2C ) compared to only 20% at low power input (Fig. 1C) . Also, more xylitol was transiently formed reaching the highest level of 5.2 g L -1 after 45 h of cultivation (Fig. 2C) .
Cultivation at high power input (800 rpm)
Even less biomass was formed at high speed agitation where it reached only 15 g L -1 after 40 h of cultivation without any further increase (Fig. 3A) . This corresponds to half of the biomass being formed at low speed agitation. Nitrate, phosphate, and the dissolved oxygen concentration in the bulk phase did not reach growth limiting concentrations. Also, xylose was not completely consumed at the end of the cultivation. Total glucose oxidase concentration increased rapidly to 600 µkat L -1 during the first 30 h of cultivation and did not increase any further thereafter (Fig. 2B ) in contrast to the cultivations at lower speed agitation where total glucose oxidase activities increased less rapidly in the beginning but continued to increase throughout the cultivation (Figs. 1B and 2B ). Oxalate was formed at even higher concentrations reaching final levels of 45 g L -1 while carbon dioxide formation decreased compared to medium power input cultivation (Fig. 3C) . At the end, 37 and 30% of the xylose carbon was transformed into oxalate and carbon dioxide, respectively. Xylitol was also formed transiently and reached the highest level of 6.4 g L -1 after 60 h of cultivation (Fig.   3C ).
Power input effects on morphology and protein production and excretion
To exclusively analyze the power input effect on fungal morphology and protein production and excretion and exclude any additional influence of other variables (e.g. oxygen limiting
conditions versus non-limiting conditions), only the first 40 hours of the cultivations were analyzed in more detail. During this time period substrate consumption was comparable and none of the substrates reached growth-limiting concentrations (Figs. 1A-3A) . Moreover, the evolution of the fungal biomass as determined by cell dry mass measurements did not reveal significant differences (Fig. 4A ). Growth rate approximations assuming exponential cell growth revealed specific growth rates of 0.08 -0.09 h -1 for all cultures. In contrast, the fungal morphology was significantly affected by power input variations (Fig. 4B) . Fungal pellets formed at low speed agitation reached an average pellet diameter of 1500 µm, at intermediate 400 µm and at high speed agitation only 24 µm (Fig. 4B) . Moreover, distinct pellets with a hairy hyphal layer developed in low speed agitated cultures while micropellets formed at high power input were closely embedded in a filamentous network (see also Glucose oxidase production and excretion was also strongly affected by power input variations (Fig. 5 ). An increase of the agitation speed increased the total amount of glucose oxidase produced within the first 40 h of cultivation from 220 µkat L -1 at low power input to 650 µkat L -1 at high power input corresponding to 15 and 40 µkat per gram cell dry mass, respectively (Fig. 5A) . Moreover, the maximum specific glucose oxidase production rates also increased with increasing power input reaching 1.5 and 13 µkat per hour and gram cell dry mass at low and high speed agitation, respectively (Fig. 5B) . In all cultures the highest specific production rates were obtained 20 hours post-inoculation and rapidly declined thereafter. The elevated production of glucose oxidase with higher power input was also reflected in higher absolute extracellular glucose oxidase activities (Fig. 5C) , however, the percentage of glucose oxidase released into the culture medium was not significantly affected by power input variations within this time period (Fig. 5D) . During prolonged cultivation, however, the portion of glucose oxidase found in the culture medium increased with increasing power input and the corresponding change from the pelleted to the filamentous growth morphology (Figs. 1B-3B ). These results are in accordance with previously reported findings that the release of the majority of the enzyme into the culture medium is delayed due to retention in the cell wall and pellet interior [42] .
For the analysis of the productive part of the fungal biomass, an acridine orange staining technique was employed. Acridine orange intercalates with single-and double-stranded nucleic acids giving rise to red or green fluorescence when bound to RNA or DNA, respectively. As active protein production depends on the presence of single-stranded RNA, acridine orange staining can be used to discriminate between those parts of the fungal biomass which are rich in single-stranded RNA and, thus, potentially active with respect to protein synthesis and those parts which are poor in single-stranded RNA and where protein synthesis can not take place. Examples are shown in Figures 6 and 7 , red fluorescence is exclusively found at the outer hairy layer of the fungal pellet proving that only this part of the fungal biomass is rich in single stranded nucleic acids, namely mRNA, thus giving clear evidence that active protein production is restricted to the filamentous growth forms or the outer hairy layer of the fungal pellets. The pellet interior emits green and yellow fluorescence clearly proving that active protein production can not occur, or only in marginal amounts, within the inner part of fungal pellets. Moreover, these data also show that the red fluorescence in the hairy outer layer decreases with the cultivation time (Fig. 7) in accordance with the observed decline of the specific glucose oxidase production rates 20 h post-inoculation (Fig. 5B ).
For determination of the productive fraction of the biomass, only those parts emitting red fluorescence were considered for quantification (Fig. 8A ). The analysis of the culture grown at low speed agitation revealed that this part of the biomass rapidly decreased with culture time and increasing pellet size (Fig. 8B) . From 40 hours post-inoculation onwards only 25%
of the fungal biomass could be considered as potentially active with respect to protein synthesis. A comparative analysis of glucose oxidase production in the culture grown at low speed agitation and in the culture grown at high power input based on the estimation of the productive fraction of the biomass revealed comparable specific glucose oxidase acivities and production rates (Fig. 9) . Thus, the lower overall productivities of big fungal pellets are a result of the lower fraction of productive biomass most likely caused by the reduced availability of nutrients in the inner pellet parts. This hypothesis is in agreement with modelbased predictions that during rapid growth with unlimited supply of nutrients and oxygen in the bulk phase only the outer layer of the pellet with a thickness of approx. 50-100 µm has unlimited access to oxygen and other nutrients [19] . Moreover, microprobe measurements of oxygen profiles in fungal pellets corroborate the limited availability of oxygen in the core pellet region [17, 20] .
Conclusions
The growth morphology and protein production of A. niger is strongly influenced by power input variations. With increasing power input the growth morphology changes from pelleted to filamentous growth forms concomitant to an increase of the protein production capability.
However, increasing power input also exposes the fungus to higher shear stress resulting in lower biomass yields and increased respiration and acid formation. The highest production rates are found in young more filamentous growth forms. However, intermediate power input
leading to small pellets becomes more favorable during prolonged cultivation. Active protein production is restricted to filamentous growth forms and the outer layer of fungal pellets. 
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